ABSTRACT Gut mucosa holds a single layer of epithelial cells and the largest mass of lymphoid tissue in the body. Although the epithelial cell culture model is widely used to assess intestinal barrier function, it has limitations for studying cellular interactions, in particular those of the immune system. In this study, a chicken ileal explant culture model was developed for investigating short-term gut inflammatory and secretory responses in an ex vivo environment. Initially, ileal explants from broilers at 21 d of age were cultured ex vivo up to 6 h. Explants cultured for a maximum of 2 h remained over 90% viable, based on lactate dehydrogenase (LDH) release assay. Morphologically, explants cultured for 2 h displayed normal morphology compared to those cultured longer, further confirming that shortterm culture for up to 2 h duration is an acceptable model for studying ex vivo regulation of inflammation.
INTRODUCTION
Although the surface of intestinal mucosa is continuously bombarded by various stimuli consisting of commensal bacteria, pathogens, and undesirable molecules, the intestinal epithelium constitutes a central barrier that separates these luminal antigens from the underlying immune cells in the lamina propria (and/or intraepithelial lymphocytes) to maintain gut homeostasis (Turner, 2009; Abreu, 2010; Peterson and Artis, 2014) . However, a variety of factors such as infection, environmental, and metabolic stresses, can result in the loss of gut homeostasis and initiation of intestinal inflammation (Mani et al., 2012) , which coordinates a series of epithelial and immune responses, including changes in cell responsiveness to stimuli, alterations of epithelial barrier integrity, and regulation of immune cell migration and activation (Turner, 2009; Abreu, 2010; Peterson and Artis, 2014) . As such, any factor defect in the aforementioned processes may cause an uncontrolled inflammation and potentially lead to tissue damage. Therefore, it is critical to establish a model for investigating cellular interactions as well as evaluating effects of biological factors in gut inflammation.
Intestinal cell culture is an important model for providing initial insights into intestinal epithelial barrier function (Hirotani et al., 2008; Guo et al., 2013) . However, models consisting only of epithelial cells cannot mimic the complex interactions with other cell types. Such interactions may be of extreme importance to reinforce the epithelial barrier function and to coordinate appropriate immune responses in inflammation (Peterson and Artis, 2014) . For this reason, threedimensional primary tissue culture, a more representative model of the in vivo environment, has been used to overcome the aforementioned methodological limitations (Randall et al., 2011) . Although tissue culture systems have been developed for multiple species, including mice, rats, humans, and pigs (Bansal et al., 2009; Kolf-Clauw et al., 2009; Randall et al., 2011) , few groups have worked with chicken intestinal tissue culture. Recently, Kallapura et al. (2015) applied a chicken 3096 ileal explant model to measure nitric oxide (NO) production after exposure to lipopolysaccharide (LPS), but did not study epithelial interaction with immune cells.
Therefore, the objective of this study was to validate the culture of chicken ileal explants with lactate dehydrogenase (LDH) release assay and histological lesion scoring, and then to develop a model for measurement of gut inflammatory and secretory responses, as assessed by the increase of inflammatory marker NO and changes in mRNA expression of epithelial and immune components in response to LPS.
MATERIALS AND METHODS

Bird Use
All procedures and protocols were approved by Purdue University Animal Care and Use Committee.
Ileal Explant Culture
Ross 708 male broiler chicks of 21 d-old were used for ileal tissue culture, which was adapted from the method of (Kolf-Clauw et al., 2009 ) with minor modifications. Briefly, the ileum segment from each bird was collected in prewarmed (37
• C) Roswell Park Memorial Institute (RPMI) 1640 medium (Life Technologies, Carlsbad, CA), added with 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL of Fungizone (Life Technologies). After removing the mesentery by scissors, the ileum was opened longitudinally and washed at 37
• C in RPMI 1640 medium with 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL of Fungizone. The ileum was dissected into 5 × 5 mm explants with a sterile scalpel blade and randomly distributed into the 24-well culture plates (Sigma Aldrich, St. Louis, MO). In each well of the culture plates, one explant was incubated villi up on 1.5 cm 2 biopsy foam pads (Electron Microscopy Sciences, Hatfield, PA). In standard culture conditions, the chicken ileal explants were submerged in 1.5 mL complete RPMI 1640 medium (prewarmed in 37
• C and gassed with 5% CO 2 ). The complete culture medium was supplemented with 10% fetal bovine serum (Life Technologies) and 25 mM HEPES (Life Technologies), in addition to the 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL of Fungizone. All these operations were conducted in less than 1 h after the bird was euthanized.
Experiment 1 -Viability of Explants
In experiment 1, explants from 21 d-old male broilers (n = 6) were incubated in the complete RPMI 1640 medium for 0, 0.5, 1, 1.5, 2, 4, and 6 h. For each treatment, explants were from 6 birds with 3 replicates per bird. The supernatant from 3 replicate explants per bird was collected and pooled together for the immediate analysis of LDH release, which is a biomarker for tissue viability. Additionally, 2 replicate explants per bird were collected for histological lesion scoring.
Experiment 2 -LPS Exposure
In experiment 2, explants from 21 d-old male broilers (n = 6) were exposed to 0, 5, 10, 20, 50, 100, 200 μg/mL LPS (E. coli, serotype O55:B5; Sigma Aldrich, St. Louis, MO) in the complete RPMI 1640 medium for 2 h. For each treatment, explants were from 6 birds with 3 replicates per bird. The supernatant from 3 replicate explants per bird was collected and pooled together for the immediate analysis of LDH release and nitrite concentration. Additionally, the 3 replicate explants per bird were collected together in RNALater (Ambion, Austin, TX) overnight at 4
• C and frozen at −80 • C until RNA extraction.
LDH Release
LDH is a well-established biomarker of tissue breakdown and/or cell viability (Bansal et al., 2009 ). Supernatant was taken and centrifuged at 2,000 × g for 5 minutes, then stored at −20
• C until analysis for LDH enzyme activity by using Pierce LDH cytotoxicity assay kit (Pierce Biotechnology, Rockford, IL), as described in the manufacturer's instructions. The explant viability was calculated as the equation below. The supernatant collected at 0 h was measured for the control LDH activity.
Explant viability (%) = [1 -(Sample LDH activity − Control LDH activity)/(Total lysis LDH activity − Control LDH activity)] × 100
Histological Lesion Scoring
For histological analysis, explants incubated for 0, 2, 4, and 6 h were fixed in 10% buffered formalin overnight. After embedding in paraffin, the explants were sectioned on 5 μm slides parallel to the villi axis and stained by haematoxylin and eosin (H&E) using standard procedures. A morphological scoring system was adapted to compare histological lesions, which was initially discovered in dogs by Chiu et al. (1970) . They categorized mucosal lesions into 6 grades (graded from 0 to 5), as following: grade 0: normal villi; grade 1: development of subepithelial Gruenhagen's space; Grade 2: extension of the subepithelial space with moderate lifting of epithelial layer from the lamina propria; Grade 3: massive epithelial lifting down the sides of villi; Grade 4: denuded villi with lamina propria and dilated capillaries exposed; Grade 5: digestion and disintegration of lamina propria. Our grading scale of mucosal injury corresponded to each grade of their criteria, namely: our grade 0 to their grade 0; our grade 1 to their grade 1 to 2, our grade 2 to their grade 3 to 4, and our grade 3 to their grade 5, respectively. Five random fields of view (100 × magnification) were taken and each individual villus was graded. The assessor was blinded to the treatment groups.
Nitrite Assay
The accumulated nitrite in the culture medium, served as an indirect measure of NO produced by the explants, was determined by the measure-iT highsensitivity nitrite assay kit (Molecular Probes, Eugene, OR), which is 50 times more sensitive than colorimetric methods utilizing the Griess reagent. The assay was carried out in a 96-well microtitre plate to which 100 μL diluted assay reagent was added, followed by 10 μL of culture supernatants and known amounts of nitrite standard in triplicate. After 10 min incubation at room temperature, 5 μL of developer was added and fluorescence was measured using 365 nm excitation and 450 nm emission filters. Fluorescence for each explant sample was compared to known amounts of nitrite standard and extrapolated using a standard curve equation.
Total RNA Extraction and Reverse Transcription
Total RNA was extracted from the tissues using TRIzol reagent (Invitrogen, Carlsbad, CA) following the manufacturer's protocol. RNA concentrations were determined by NanoDrop 1000 (Thermo Scientific, Waltham, MA) and RNA integrity was verified by 1% agarose gel electrophoresis. To eliminate contaminating DNA, extracted RNA was purified with DNA-free DNase Treatment and Removal Kit (Ambion, Austin, TX). Then, 2 μg of total RNA from each sample was reverse transcribed into cDNA using the MMLV reverse transcription system (Promega, Madison, WI), and cDNA was then diluted 1:10 with nuclease-free water (Ambion, Austin, TX) and stored at −20
• C until use.
Quantitative Real-time PCR Analysis
Real-time PCR was performed on the Bio-Rad iCycler with the Faststart SYBR green-based mix (Life Technologies). PCR programs for all genes were designed as: 10 min at 95
• C, 40 cycles of 95
• C for 30 s, primer-specific annealing temperature for 30 s, and 72
• C for 30 s; followed by melting curve analysis. The primer sequences used for real-time PCR are listed in Table 1 . Primer specificity and efficiency were determined by using pooled samples. All primer sets with DNA amplification efficiencies between 90 and 110% were used for analysis. All reactions were analyzed in duplicate and a coefficient of variation equal to or less than 5% was deemed acceptable. Water served as a no-template control. Quantification of target transcripts was done with the 2 −ΔΔCt method (Livak and Schmittgen, 2001 ) with normalization against the GAPDH (housekeeping).
Statistical Analysis
Data are reported as least square means (LSM) ± SE (n = 6) of independent experiments with different birds. All the data were analyzed for normality using the Univariate procedure of SAS 9.3, and any heteroscedastic data were adjusted to achieve normality using a natural logarithm transformation. To test the effect of incubation time and that of LPS dose response, data were analyzed by one-way ANOVA with the random effect of bird using SAS Proc Mixed (SAS Institute, Cary, NC) procedure. If significantly different (P ≤ 0.05), the means were compared using PDIFF option.
RESULTS
Experiment 1
LDH Release In order to determine the explant viability over time, LDH release from explants was monitored for up to 6 h. Viability of explants cultured at various time points was calculated based on the control (LDH activity in the supernatant at 0 h). As shown in Figure 1 , the explant viability at 0.5, 1, 1.5, and 2 h of incubation was comparable and above 90%. In contrast, at 4 and 6 h of incubation, there was a significant decrease of explant viability (P ≤ 0.05), indicated by the increase of LDH concentration in the supernatant released from lysed intestinal cells.
Histological Lesions The explants were observed microscopically and scored from 0 (no lesion) to 3 (destroyed tissues). Before incubation, the collected explants had slight flattening villi, but no obvious lesion with the score value of 0.50 (±0.18). Time-dependent histological lesions were observed after 2, 4, and 6 h of incubation (P ≤ 0.05), as shown in Figure 2 . After 2 h of culture, the explants were scored 1.25 (±0.21), with weak apoptosis, sloughing of epithelial cells and mild dilation of the crypts. After 4 and 6 h of culture, the scores increased to 1.83 (±0.17) and 2.25 (±0.21), respectively. These explants had obvious apoptosis and marked diffuse sloughing of epithelial lining from the surface of the villi.
Experiment 2
LDH Release Chicken ileal explants cultured for 2 h were selected to assess mucosal inflammatory responses induced by increasing concentrations of LPS. The change in LDH enzyme activity in the supernatant Figure 2 . Morphological score of explants at 0, 2, 4, and 6 h of incubation. Values are LSM ± SE (n = 6). Means in columns with no common superscript were significantly different (P ≤ 0.05). A morphological scoring system (Chiu et al., 1970 ) was adapted to compare histological lesions, which categorized mucosal lesions into 6 grades (graded from 0 to 5), as following: grade 0: normal villi; grade 1: development of subepithelial Gruenhagen's space; Grade 2: extension of the subepithelial space with moderate lifting of epithelial layer from the lamina propria; Grade 3: massive epithelial lifting down the sides of villi; Grade 4: denuded villi with lamina propria and dilated capillaries exposed; Grade 5: digestion and disintegration of lamina propria. Our grading scale of mucosal injury corresponded to each grade of their criteria, namely: our grade 0 to their grade 0; our grade 1 to their grade 1 to 2, our grade 2 to their grade 3 to 4, and our grade 3 to their grade 5, respectively. Figure 3 . Viability of explants cultured with increasing concentrations of LPS, measured by LDH released into the supernatant. Explants in all the treatments were cultured for 2 h. The control LDH activity (indicated in the y axis) was from supernatant collected at 0 h, but not exposed to LPS. Values are LSM ± SE (n = 6). Means in columns with no common superscript were significantly different (P ≤ 0.05).
was quantified for the impact of LPS on tissue viability. As shown in Figure 3 , high concentration of LPS (50 and 100 μg/mL) lysed cells and dramatically decreased tissue viability to 50% (P ≤ 0.05), while lower concentrations of LPS (0, 5, 10, and 20 μg/mL) had comparable viability above 90%.
Nitrite Assay Nitrite assay was used to measure NO release in our study. Because NO is a very short-lived radical, it is rapidly converted into more stable products, such as nitrite. As shown in Figure 4 , low concentrations of LPS (0, 5, 10, and 20 μg/mL) induced dosedependent NO secretion (P ≤ 0.05), with the highest value at 10 and 20 μg/mL, while higher concentrations of LPS (50 and 100 μg/mL) had lower NO secretion (P ≤ 0.05).
mRNA Expression Explants with LPS concentrations at 0, 10, 20, and 50 μg/mL were chosen for mRNA expression. Highest mRNA abundance was observed at 20 μg/mL LPS exposure for toll-like receptor-4 (TLR-4, LPS pattern recognition receptor), inflammatory makers IL-8 and IL-1β (P ≤ 0.05; Figure 5 ), as well as intestinal barrier elements MUC2, IgA, and pIgR (P ≤ 0.05; Figure 6 ). However, mRNA expression of tight junction proteins claudin-1 and claudin-4 were not affected by LPS at the determined concentrations during the 2 h incubation (P > 0.05; Figure 7) .
DISCUSSION
In the current study, explant viability was determined through measurement of LDH activity (Bansal et al., 2009 ) and morphological characteristics (Kolf-Clauw et al., 2009). Legrand et al. (1992) demonstrated there was a significant correlation between the number of dead cells and the increase of LDH activity in the culture medium. At 2 h of incubation, the explant had more than 90% live cells, and morphological integrity was well preserved, although shorter and wider villi were observed. Kolf-Clauw et al. (2009) observed that explants from young animals had better preserved morphology compared to explants from older animals. However, as newly hatched birds have an immature gut, especially as related to the immune system (Bar-Shira et al., 2003; Zhang et al., 2015) , we utilized intestinal explants from birds at 21 d of age to study the epithelial interaction with immune cells. Lipopolysaccharide, the major constituent of the outer membrane of Gram-negative bacteria, plays an important role in the inflammatory process (Mani et al., 2012) . Medzhitov and Horng (2009) reviewed the primary inflammatory response genes are mainly induced within 0.5 to 2 h by LPS stimulation. Therefore, short-term explant culture for 2 h duration is an acceptable model that enables assessment of gut inflammation.
Concentrations of LPS ranging from 0.3 ng/mL to 1,000 μg/mL, a 10 7 -fold range, had been used to assess various biological responses in epithelial and immune cells (Hirotani et al., 2008; Kim and Ha, 2009; Guo et al., 2013) . Because LPS is commonly detected in the gut lumen (Yagi et al., 2002) , the low concentrations may not be able to elicit an inflammatory response in cultured ileal explants. However, at the extreme concentrations, LPS may cause rapid cell death and not be able to reveal true cellular responses (Hirotani et al., 2008; Kim and Ha, 2009 ). Therefore, it was necessary to perform a LPS dose-response study to determine the appropriate LPS concentration for initiating a physiologically relevant inflammatory response.
Nitric oxide is an important cytotoxic molecule in the defense against infections, it is generated by inducible NO synthase (iNOS), mainly in macrophages under LPS or inflammatory cytokine stimulation (Kim and Ha, 2009; Kallapura et al., 2015) . Therefore, quantification of nitrite, a more stable product of NO, becomes a well-established biomarker for the indirect measurement of inflammation (Kim and Ha, 2009; Kallapura et al., 2015) . In the current study, the highest nitrite concentration was detected at 10 and 20 μg/mL of LPS, but its concentration was decreased at LPS concentrations higher than 20 μg/mL, which probably was due to the high doses of LPS, which directly induced cell death, as evidenced by the increased LDH enzyme release. However, Kallapura et al. (2015) reported that 100 μg/mL of LPS stimulation increased nitrite production in ileal explants of Salmonella challenged birds, which may suggest pre-exposure of birds to Salmonella would increase their tissue tolerance to high doses of LPS.
The recognition of LPS is mediated through toll-like receptor 4 (TLR4) in intestinal epithelial cells and immune cells (Abreu, 2010; Mani et al., 2012) . Surface expression of TLR4 are generally low, but they increase under exposure to LPS to promote intracellular signaling cascades, leading to the secretion of inflammatory mediators, such as interleukin (IL)-1β and IL-8 (Abreu, 2010) . In this study, the mRNA expression of TLR-4, IL-1β, and IL-8 were all significantly increased at 20 μg/mL of LPS stimulation, indicating a successful initiation of inflammatory response.
Besides its direct inflammatory effects, LPS induces dynamic changes in the components of the intestinal barrier, which include mucins, secretory IgA (sIgA) and its transcytosis receptor, polymeric immunoglobulin receptor (pIgR) (Peterson and Artis, 2014) . Mucins are secreted by goblet cells, they are the primary components of mucus layer that covers the intestinal epithelium and provides the adhesive sites for sIgA to constitute the first line of intestinal defense (Everett et al., 2004) . SIgA in the intestine represents the most abundantly produced immunoglobulin isotype of the whole body (Slack et al., 2012) . While IgA can be found as a monomer in serum, the polymeric form (pIgA) is the predominant form at mucosal sites (Slack et al., 2012) . Following pIgA production by plasma cells in the lamina propria, pIgR expressed by epithelial cells transports pIgA from its basolateral membrane to the apical side. Proteolytic cleavage of pIgR at the apical surface induces the release of sIgA (Kaetzel, 2005; Slack et al., 2012; Peterson and Artis, 2014) . Because one molecule of pIgR is consumed to produce one molecule of sIgA released into the lumen, pIgR expression is required to promote the rate of epithelial transcytosis of sIgA (Kaetzel, 2005; Slack et al., 2012 ). In the current study, the mRNA expression of MUC2, IgA and pIgR were all significantly increased with 20 μg/mL of LPS challenge, consistent with the previous investigations that LPS treatment induced higher expression of mucin, IgA, and pIgR (Smirnova et al., 2003; Schneeman et al., 2005; Slack et al., 2012) , which would enhance intestinal barrier defense as a protection from insults and help maintain a healthy gut homeostasis (Everett et al., 2004; Kaetzel, 2005; Slack et al., 2012) .
In addition to the overlying mucin and sIgA as the first line of intestinal defense, tight junctions (TJ) are multi-protein complexes residing with the epithelial cell plasma membrane to regulate permeability between cells (Turner, 2009; Abreu, 2010; Peterson and Artis, 2014) . Previous studies have shown that mRNA expression of TJ proteins, including the peripheral membrane protein, zonula occludens-1 (ZO-1) and transmembrane proteins, claudin-1, claudin-4, and occludin, were decreased by bacterial stimuli (Shao et al., 2013; Yang et al., 2015) . This reduction of TJ proteins would increase in TJ permeability, which may exacerbate intestinal inflammation by allowing increased permeation of luminal antigens (Arrieta et al., 2006) . However, in our study LPS treatment had no effect on mRNA expression of TJ proteins, claudin-1 and claudin-4; it is uncertain whether this was due to the short culture duration used in this study. Notably, Yang et al. (2015) also reported that LPS did not induce a change in mRNA expression of claudin-1 and ZO-1 until 8 h after challenge.
In summary, an ex vivo ileal explant culture model has been developed to induce acute inflammatory and secretory responses at 2 h of incubation. This is evidenced by the elevated production of NO and increased mRNA expression of TLR-4, IL-1β, IL-8, MUC2, IgA, and pIgR at 20 μg/mL LPS, but the gene expression of claudin-1 and claudin-4 were not increased at the determined LPS concentrations. Although this model is probably not of a sufficient duration for evaluation of tight junction responsiveness, it can be used to provide a better understanding of the regulation of gut inflammatory and secretory responses, and will be useful for the screening of potential anti-inflammatory candidate compounds.
